A b s t r a c t e efficacy of UV treatment to control bacterial adhesion onto hard surfaces was investigated in laboratory conditions. e major characteristics necessary for biofilm formation like extracellular polymeric substance (EPS) production, carbohydrate and protein concentration in EPS, and adhesion ability onto hard surface were studied using two bacterial strains isolated from marine biofilms. e results showed that there was a considerable di erence between the control and UV treated bacterial cultures in their viability, production of EPS, and adhesion ability. e protein and carbohydrate concentration of the EPS and the adhesion of bacterial cells to surface were also considerably reduced due to UV treatment. is study indicates that treatment of water with UV light may be used to control biofilm development on hard surfaces. K e y w o r d s: biofilm, adhesion, antifouling, extracellular polymeric substance (EPS)
Introduction
Biofouling is a major problem for maritime operations such as shipping, o shore oil mining, coastal power generation, marine electronics, mariculture, marine construction or naval operations (Armstrong et al., 2000) . Generally, industries like coastal power plants and desalination plants face biofouling problem due to the microbial growth and other higher organisms. e most common biofouling control method in industrial cooling water systems is chlorination (Yebra et al., 2004) . However there is an increasing pressure to reduce or eliminate the use of chlorine due to the production of by-products. e use of chemo-biocides to control biofouling forms the major contaminant of marine environment. e chemical antifouling agents applied on the industrial objects, kill not only the foulers, but also have negative e ect on other benthic community (Fingerman, 1988) . e hazards of heavy metals in marine environment include their high toxicity, circulation in food chain and bioaccumulation.
e biofouling process involves various steps, from the initial conditioning of the surface by organic and inorganic molecules to the colonization by microorganisms and leading to the establishment of biofilm. ere has been a growing interest in biofilms due to their significance in environmental, industrial and medi cal areas.
Since, biofilm formation on technical objects submerged in aquatic environments is a major problem with huge economic loss, there is a need to formulate adequate ecofriendly control measures. Flemming (1991) suggested that UV and ultrasound waves would be a potential source to minimize biofouling in industrial units. ere are also reports on the inhibitory e ect of UV on macrofouling organisms and is also e ective in cleaning previous fouled surfaces (Zelver et al., 1981) . UV radiation does not lead to any large-scale accumulation of toxic by-products in the ecosystem. Ultraviolet light is an established and increasingly popular alternative to chemicals for the disinfection of drinking water, wastewater, and industrial waters of various qualities. Ultraviolet radiation (10-400 nm wavelength) is of special interest because it is used in certain environments (e.g. hospital operating rooms) to kill microorganisms. Ultraviolet light is that portion of the electromagnetic spectrum that lies between X-rays and visible light. Four regions of the UV spectrum have been defined -vacuum UV between 100 and 200 nm, UV-C between 200 and 280 nm, UV-B between 280 and 315 nm, and UV-A between 315 and 400 nm. Practical application of UV disinfection relies on the germicidal ability of UV-C and UV-B.
e e ect of UV light on the microbial community is widely studied by various investigators (Chang et al., 1985; Harris et al., 1987) . e efficiency of UV treatment 120 to control the biofilm formation and biofouling community development was studied by Munshi et al. (1999; 2001; , Sharrer et al. (2007) and Wenjun and Wenjun (2009) . However, there is a lack of information on the response of bacterial community to UV treatment, particularly the biofilm forming characteristics like EPS production and adhesion ability. ere is also a scarcity of information on the e ectiveness of the UV irradiation of incoming water for preventing microorganisms depositing on the surface. Hence, in the present study, an attempt has been made to evaluate the efficacy of UV treatment to control biofilm formation. e main objective was to investigate the e ect of UV light on the EPS production and adhesion ability of marine bacteria involved in biofilm formation.
Experimental

Materials and Methods
Biofilm development assay. Two bacterial cultures, Alteromonas sp. (SS03) and Pseudomonas sp. (SS04) maintained in our laboratory were used for the present study. ese bacteria were originally isolated from the marine biofilm developed on hard surfaces and tentatively identified based on the biochemical characteristics. A loop full of pure culture from the slant was inoculated into 100 ml Zobell marine broth taken in 250 ml conical asks. e asks were incubated for 24 h at room temperature. An aliquot of the broth was taken on microscopic slides to enumerate the number of bacterial cells present in per millilitre of the broth. 500 ml glass beakers were filled with 300 ml sterile seawater (Millipore filtered and autoclaved) and 10 ml of bacterial culture (approx. 10 6 cells ml -1 ) was added. is bacterial culture introduced into seawater medium was exposed to UV light for 10 minutes (UV-C, TUV 30W/G30) in a laminar air ow chamber. e distance between the beakers with seawater medium and UV lamb was maintained at 15 cm. A er UV light treatment, the beakers were covered with parafilm and transferred into a sterile chamber. Experimental set-ups prepared as above without UV treatment were considered as controls. Five glass slides (7.5× 2.5 cm) were placed inside the beakers in slanting position as a substratum for biofilm development. e slides were removed from the beaker a er 1, 2, 3, 4 and 5 hours of immersion. e slides were then air-dried, heat fixed and stained with methylene blue. e number of bacteria adhered to the slides were counted under a binocular microscope. e experiment was replicated (N = 6) and the mean values were taken. One-way ANOVA (analysis of variance) was used to evaluate the e ect of ultraviolet treatment on the adhesion of bacteria on hard surface.
Alternatively, separate experiments were carried out to assess the viability of bacterial cells in the biofilms. For this, the glass coupons were incubated in the bacterial culture introduced medium (UV treated and control) for 24 hours at room temperature. A er incubation, the coupons were removed from the beaker and rinsed with sterile seawater to remove the unattached organisms.
e biofilm developed on the coupon was scrapped o using a sterile nylon brush (each coupon was analysed separately) and dispersed in to 1 ml sterile seawater (Millipore filtered and autoclaved). is biofilm sample was used for the isolation of extracellular polymeric substance and to assess the viability of bacterial cells.
Viable cell counts. In order to enumerate viable counts of bacterial population in both UV treated and control cultures, an aliquot of the biofilm sample isolated from the coupons was serially diluted using sterile seawater. e appropriate dilutions were spread on Zobell marine agar plates. e plates (n = 3) were incubated at room temperature for 24 hours, and colonies were counted manually.
Estimation of extracellular polymeric substance (EPS). e amount of EPS produced by the bacteria isolated from the both UV treated and control experimental set-up was analysed by estimating the total carbohydrate and protein concentration. For this, 5 ml of the biofilm sample obtained as above was centrifuged at 10,000 g for 10 min at 4°C. e cell pellets was discarded and the supernatant was mixed with equal amount of cold absolute ethanol. e precipitated EPS was diluted to known volume with distilled water and stored at 4°C. Carbohydrate was estimated by Phenol Sulphuric acid method using glucose as standard (Dubois, 1956 ). e total protein content of EPS produced by the cultures was estimated by the Lowry et al. (1951) method, using Bovine serum albumin as the standard.
Characterization of EPS by thin-layer chromatography. e EPS isolated from the UV treated and control experiments was characterized by thin-layer chromatography (TLC). e EPS was loaded on a silica gel plate. n-butanol, acetic acid and distilled water (2:1:1) were used as the solvent system for TLC. Iodine crystals were used for the visualization of spots in the TLC plate.
Results
e number of Alteromonas sp. cells adhered on the coupons submerged in control medium was 3140 cm -2 (a er 1 hour). e number of cells attached on the coupons submerged in UV treated medium was 1364 cm -2 a er 1 hour. A er five hours, the number of bacteria adhered on the coupons submerged in control medium was 8291 cells cm -2 . e coupons submerged in UV treated medium showed a density of 1451 cells cm -2 a er 5 hours of exposure (Fig. 1 ). e cell attachment assay revealed that the number of Alteromonas sp. adhered to glass surface was reduced significantly a er treated with UV (one-way ANOVA, F = 16.16; d.f = 1, 9; P <0.05).
Similarly, the biofilm adhesion assay with Pseudomonas sp. showed considerable variations between control and ultraviolet treated cultures (Fig. 2) . A er one hour of glass surface exposure 2033 cells cm -2 were observed in the control medium. e number of cells adhered on the coupons submerged in the UV treated medium was 1160 cells cm -2
. At the end of the exposure period, 9233 cells cm -2 were observed in the control and 2395 cells cm -2 on the coupons immersed in UV treated medium. One-way ANOVA showed that the adhesion of Pseudomonas sp. to glass surface did not di er significantly between the coupons submerged in UV treated and control medium (F = 3.49; d.f = 1,9; P >0.05).
e carbohydrate concentration of EPS of the Alteromonas sp. biofilm isolated from the coupons submerged in UV treated medium was 5.44 mg ml -1 . e EPS of the Alteromonas sp. biofilm isolated from the coupons submerged in control medium was 7.34 mg ml -1 (Table I ). e carbohydrate concentration of the EPS of Pseudomonas sp. isolated from the control medium coupons was 3.37 mg ml -1 and the coupons submerged in UV treated medium showed a value of 1.26 mg ml -1 . e protein concentration of the EPS produced by Alteromonas sp. from the UV treated medium was 4.01 mg ml -1 and in the control, the protein concentration was 5.23 mg ml -1 (Table I ). e protein concentration of EPS synthesized by the Pseudomonas sp. isolated from the coupons submerged in UV treated medium was 8.62 mg ml -1 and in the control, the concentration was 9.48mg ml -1
. In general, results showed that the total protein concentration of the EPS was not reduced much due to the UV treatment.
e EPS synthesized by the bacteria adhered to coupons submerged in both UV treated and untreated systems were subjected to thin-layer chromatography to understand the changes in the carbohydrate composition of the EPS. Results revealed that the carbohydrate composition of EPS was considerably changed due to UV treatment. e EPS synthesized by Alteromonas sp. adhered to coupons submerged in control medium showed three distinct spots on the thin layer chromatogram. e EPS isolated from the Alteromonas sp. adhered on the coupons submerged in the UV treated medium showed two spots. Further, the EPS of the Alteromonas sp. isolated from the coupons submerged in control and UV treated systems did not show any similarity in the RF values. Rf values of the EPS produced by the Alteromonas sp. control culture were 0.196, 0.312 and 0.651 cm. In UV treated Alteromonas culture, the Rf values were 0.16 and 0.607 cm. e EPS synthesized by the Pseudomonas sp. isolated from the coupons submerged in control medium also showed three spots and the bacteria isolated from the coupons submerged in UV treated medium showed only one spot (Fig. 3) .
e Rf values of the spots exhibited by the EPS of Pseudomonas sp. isolated from the control medium coupons were 0.165, 0.247 and 0.661 cm. e Rf value of Pseudomonas sp. isolated from the UV treated medium coupons was 0.454 cm. e viable counts of biofilm sample isolated from the UV treated and the control medium were also varied. e viable count of Alteromonas sp. isolated from the coupons submerged in UV treated medium was 4.5±1.8×10 5 CFU ml -1
. e viability of Alteromonas sp. isolated from the control medium coupons was 38.5± 9.3×10 5 CFU ml -1
. e viable count of Pseudomonas sp. biofilm sample isolated from the coupons submerged in the control medium was 34.25±11.4×10 5 CFU ml -1 . e biofilm sample of coupons submerged in UV treated medium showed a viability of 11.25±3.71×10 5 CFU ml -1 . In general, the viability of bacterial cultures was reduced a er UV treatment.
Discussion
e development of biofilm and fouling communities is a multiple event with numerous interactions taking place between fouling organisms colonizing the surface. e first colonizers on any newly exposed surface in marine waters are bacteria and they have been found to a ect the subsequent recruitment of both microorganisms and macrofoulers. Hence, control of biofilms on surfaces is an important strategy in any biofouling management programme. e results of the present study indicate that the viability of the bacterial cultures treated with UV light was reduced considerably. Previous studies by Munshi et al. (2005) also reported a reduction in bacterial load a er UV treatment from a desalination plant. Generally, sensitivity of micro organisms to UV radiation may vary with species (Gaudy and Gaudy 1980) . In the present study, Alteromonas sp. showed lower viability a er UV treatment than that of Pseudomonas sp.
e adhesion of bacteria to glass surface was reduced considerably on the coupons submerged in UV treated medium. is may be due to the change in cell surface properties a er UV treatment. Previous studies by Li and Logan (2005) reported a 40% reduction in the adhesion of Bacillus subtilis cells to the hard surface. ey also reported that UV treatment oxidizes the surface polymers of the bacteria and decreases their adhesion to surface. e active attachment of bacterial cells is facilitated by the cell surface by the cell surface properties such as adhesion proteins, capsules, surface charge, agella and pili (Kumar and Anand 1998) . Any change in the cell surface properties in uences adhesion of the cells to the solid surfaces. Primary e ect of UV light on bacterial adhesion was to reduce the hydrophobicity of the bacterial cell surface. e hydrophobicity of the cell surface is important in adhesion because hydrophobic interactions tent to increase with an increasing nonpolar nature of one or both surfaces involved (i.e., the microbial cell surface and the substratum).
Microorganisms are inactivated by UV light as a result of photochemical damage to their nucleic acids (Sonntag and Schuchmann, 1992) . Absorbed UV promotes the formation of bonds between adjacent nucleotides, creating double molecules or dimmers (Jagger, 1967) . While the formation of thymine -thymine dimmers are the most common, cytosine -cytosine, cytosine-thymine, and uracil dimerization will also occur. Formation of a sufficient number of dimers within a microbe prevents it from replicating the DNA and RNA. e amount of carbohydrate and protein in the EPS synthesized by the bacteria isolated from the coupons submerged in the UV treated medium was lesser than that of the control. is indicated that the extracellular polymeric substance production was a ected due to the UV treatment. Most of the fouling organisms including bacteria use adhesive materials with permanent or temporary adhesive capabilities to attach to surfaces (Callow and Callow, 2002) . Extracellular polymeric substances are considered as adhesive material involved in the process of biofilm formation (Flemming et al., . e EPS consists of polysaccharides, polyuronic acids, proteins, nucleic acids and lipids (Decho, 1990; Schmidt and Ahring, 1994) . EPS may account for 50-90% of the total organic carbon of biofilms (Flemming et al., 2000) and can be considered as the primary matrix material of the biofilm. e EPS also bridge the microbial cells with the substratum and permit negatively charged bacteria to adhere both negatively and positively charged surfaces. Hence, the reduction in EPS production may be one of the possible reasons for the low abundance of bacteria on the coupons submerged in UV treated medium. e efficiency of UV on the removal of well-established biofilm matrix has some practical constraints. Flemming (1991) indicated that the e ectiveness of UV treatment for removing an established biofilm might be low due to entrapped particles within the biofilm. Hence, in the present study, the e ect of UV irradiation of the incoming water to control biofilm was analysed.
e results of the present study suggest that UV light is a promising source for the control of bacterial fouling.
ere are large amounts of experience and data available on its use for medical sterilization. e UV may be e ective in control biofilm especially in cooling systems if the incoming water is irradiated using specific UV devices. More studies on this aspect will certainly improve our understanding on the role of UV light in biofouling control.
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